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ABSTRACT 

We used the new IRAM 30-m FTS backend to perform an unbiased ~15 GHz wide survey at 3 mm toward the Pipe Nebula young 
diffuse starless cores. We found an unexpectedly rich chemistry. We propose a new observational classification based on the 3 mm 
molecular line emission normalized by the core visual extinction (Ay). Based on this classification, we report a clear differentiation 
in terms of chemical composition and of line emission properties, which served to define three molecular core groups. The "diffuse" 
cores, Ay 5=15, show poor chemistry with mainly simple species (e.g. CS and C2H). The "oxo-sulfurated" cores, Av=T5-22, appear to 
be abundant in species like SO and SO2, but also in HCO, which seem to disappear at higher densities. Finally, the "deuterated" cores, 
Ay>22, show typical evolved chemistry prior to the onset of the star formation process, with nitrogenated and deuterated species, as 
well as carbon chain molecules. Based on these categories, one of the "diffuse" cores (Core 47) has the spectral line properties of the 
"oxo-sulfurated" ones, which suggests that it is a possible failed core. 
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1. Introduction 

A new generation of sensitive receivers and wideband backends 
allows to study in detail the chemistry of faint starless cores. 
Several surveys have been performed toward them reporting a 
rich but relatively simple chemistry: essentially carbon chem- 
istry with significant sulfur and nitrogen bearing molecules, fol- 
lowed byTater deuteration which can be used as a chemical clock 
Turned. [l994t iTurner et all l2000t iHirota & Yamamotol 
iTafalla et all 



I2006t iBergin & Tafallal I2007I) . Recently, 
from the theoretical side, several papers h ave tried to model the 
starless core chemistry self-consistently (lAikawa et all l2Q0lb 
iGarrod et all I200I iKeto & CaselliLl2008h . 

T he Pipe Nebula is a nearby (145 pc: lAlves & Francol 
l2007h cloud that harbors more than one hundred of low mass 
(~1 Mo) starless cores, most of them gravitational unbound but 
confined by the th e rmal/magn e tic pr e ssure of the whole cloud 
(lAlves et all 120081: lLada et all 120081: iFranco et all 120101) . The 
Pipe Nebula differs from the other nearest dark cloud complexes 
such as Taurus or p Ophiuchus be c ause i t has a very small star 



formation efficiency (Onishi et al 
iRoman-Zuniga et all 1201 Ol 



[19991 fForbrich et all l2009t 
201 lb . Thus, the Pipe Nebula is 



an ideal target to study the physical and chemical conditions 
in a pristine environment prior to the onset of the star for- 
mati on process, as the recent numerous studies have shown 
(e.g. iBrooke et a 1120071: IMuench et"aILl2007HRathborne et afl 
120081) . Frau et al. d2010l) present the first results of an exten- 
sive continuum and molecular line study on a subset of a se- 
lected sample of cores distributed in the different regions of the 
Pipe Nebula: bowl, stem, and B59. The cores are in general less 
dense and less chemically evolve d than starless core s in other 
star forming regions studied (e.g. ICrapsi et all [2005). We find 
very different morphologies and densities, and no clear corre- 
lation of the chemical evolutionary stage of the cores with their 



location in the cloud. The Pipe Nebula starless cores have shown 
to be more heterogeneous than expected. 

In this work, we present a wide (~15 GHz) unbiased chemi- 
cal survey at 3 mm toward a larger sample of Pipe Nebula star- 
less cores, spanning a factor of 6 in their visual extinction (Ay) 
peaks. This is a first step to characterize their varied chemistry 
in order to proceed to future modeling. 

2. FTS Observations and Data Reduction 

We made pointed observations toward the Pipe Nebula Cores 06, 
08, 12, 14, 20,3 3 ,40, 4 7, 48, 56, 65, 87, 102 and 109, following 
iRathborne et all (l2008h numbering, and toward a position with 
no cores. We pointed eit her toward the continuum emission peak 
dFrau et all 120 1011201 1|), if available or tow ard the C ls O point- 
ing center reported by Muench et al.1 (120071) . We assumed that 
the pointing centers were the densest region of the cores and, 
therefore, with the richest chemistry. We used the EMIR hetero- 
dyne receiver of the IRAM 30-m telescope tuned at the C2H (1- 
0) transition (87.3169 GHz). At this frequency the telescope de- 
livers %pbw=28."1, Z? e ff=0.81 and F e ff=0.95. The observations 
were carried out in August 2011, being the first astrophysicists 
to use the FTS autocorrelator as the spectral backend. We se- 
lected a channel resolution of 195 kHz (^0.6 km s"'at 3 mm) 
which provided a total bandwidth of 14.86 GHz covering the 
frequency ranges from 82.01 to 89.44 GHz, and from 97.69 to 
105.12 GHz. We used the frequency-switching mode with a fre- 
quency throw of 7.5 MHz. System temperatures ranged from 
~ 1 10 to ~150 K. Pointing was checked every 2 hours. We re- 
duced the data using the CLASS package of the GILDASQ soft- 
ware. The baseline in the frequency switching mode for such a 



available at http://www.iram.fr/IRAMFR/GILDAS 
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Fig. 1. IRAM 30-m EMIR+FTS full bandwidth spectrum toward Core 12. The most important detected molecular transitions are 
labeled within the plot. The upper and lower panels show the ~7.6 GHz lower and upper sidebands, respectively. The noise rarely 
exceeds 10 mK. The negative emission are the twin negative counterparts of the positive emission due to the frequency-switching 
observing mode. 



large bandwidth (~3.7 GHz for each chunk) has a complicated 
shape with sinusoidal-like ripples. Nevertheless, since the ob- 
served lines are very narrow ($0.5 km s _1 , similar to the effec- 
tive spectral resolution), the baselines can be efficiently removed 
if small windows are used ($20 MHz). The resulting typical rms 
noise was ^8 mK at the 195 kHz spectral resolution. 

3. Results 

The large available bandwidth, 14.86 GHz, has allowed us to 
carry out an unbiased survey, covering about a third of the ob- 
servable 3 mm window. We used the Splatalogu^ tool to iden- 
tify possible lines. We consider tentative detections those lines 
with intensities in the 3-5cr range, and fiducial detections those 
higher than 5<x. We have detected 53 transitions from a total 
of 31 molecules (including isotopologues). Figure Q] shows the 
observed bandwidth toward Core 12 with the main molecular 
species labeled. Most of the detected lines were identified in this 
core, the one with the highest Ay and the brightest molecular 
line emission of the sample. However, there are few sulfur bear- 
ing molecular lines not detected toward Core 1 2 but present in 
other cores: S0 2 3i, 3 -2 ,2, 34 SO 3 2 -2 l5 and OCS 7-6. We report 
tentative detections (~4cr) of HOCO + (Cores 6 and 102), 1-C 3 H 
(Cores 12 and 109), and HCCNC (Core 12). We have also identi- 
fied in all the cores several Earth atmospheric lines, mostly from 
ozone. 

The cores with the brightest detected lines are those with 
highest Ay (Cores 12, 87 and 109) due to their larger gas col- 
umn densities. In order to avoid a column density bias (our core 
sample spans a factor of 6 in Ay), we have normalized the in- 
tensity by dividing the spect ra by the Ay peak of t he cor e. We 
used the values obtained by iRoman-Zuniga et all (1201 Oh from 
dust extinction maps that have an angular resolution similar to 
our observations. This definition mimics molecular abundances 
for optically thin lines. Figure [2] shows a selected sample of the 

2 http://www.splatalogue.net/ 



brightest normalized lines toward all the sample, with the cores 
ordered by their Ay peak. In this figure we have ordered the 
molecules in families taking into account their atomic compo- 
sition. 

In general, the 3 mm transitions of the lightest species of 
most of the molecular families (blue spectra in Fig. 13 were 
detected in all the cores of our sample: C2H, HCO + , CS, SO, 
and HCN. C-C3H2 can also be part of this sample, since it was 
detected in all but two cores. The 3 mm main transitions of 
these molecules can be considered "ubiquitous lines" in star- 
less cores. HCO + 1-0, CS 2-1, and HCN 1-0 show little varia- 
tions in normalized intensity. These molecules have large dipole 
moments and h igh abundances, th erefore they likely have large 
optical depths dFrau et all 1201 lh . In addition, the HCO + 1-0 
and HCN 1-0 transitio ns can be affected b y absorption by low 
density foreground gas dGirart et all l200dh . Indeed, the relative 
HCN 1-0 hyperfine line intensities of Cores 12, 40 and 87 sug- 
gest that this transition is out of LTE. The normalized intensities 
of the other three ubiquitous lines show significant variations 
within the sample. However, while C2H 1-0 and C-C3H2 2\ 3- 
lo,i tend to increase with Ay, the SO 32—2] line appears to have 
the largest normalized intensities in the cores with visual extinc- 
tion in the range of 15 to 22 mag. 

Several molecular transitions were detected only toward 
cores with A v >15. The optically thin H 13 CO + 1-0, and 

HC ls O + 1-0, and the transition HNCO 4 ,4-3 ,3, show larger 
normalized intensities with increasing column densities. The 
detected transitions from oxo-sulfurated molecules (SO 22-1 1, 
34 SO 3 2 -2i, S0 2 3 1<3 -2o,2 and OCS 7-6) are mainly detected 
toward the cores with the brightest SO 32-2 1 emission, this is, 
mainly in the cores with Ay- 15-22 mag. The HCO 1-0 tran- 
sition shows the same behavior. Curiously and despite its low 
density (Ay=l 1.2 mag), Core 47 shows emission in most of the 
oxo-sulfurated molecular transitions as well as in HCO 1-0. The 
H2CS 3i,3-2i 2 transition appears to show a similar trend to the 
oxo-sulfurated molecules, although it peaks at slightly denser 
cores (Ay^20 mag) and clearly survives at larger Ay values. The 
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emission of the other two lines of this group, HCS + 2-1 and 
13 C ls O 1-0, is too weak to show a clear trend. 

The number of detected molecular transitions increased sig- 
nificantly for the four cores with the highest column density 
(Ay^ 22 mag) due to either (;) excitation/column density rea- 
sons or (;;) synthesization timescales. The C-C3H2 molecule is a 
good example of the former molecules. Although being ubiqui- 
tous in the 2i 2-lo,i transition, the 3i,2-3o,3 one is only detected 
at these column densities. The rarer isotopologic counterparts 
of the HCN and c-C 3 H 2 1-0 ubiquitous lines (H 13 CN, HC 15 N, 
and c-H 13 CCCH) are detected only in these four cores. This is 
also the case for HN 13 C and H 15 NC in the 1-0 transition, which 
suggests that the HNC 1-0 is likely to be an ubiquitous line as 
well. Most of the transitions detected in these four cores show 
larger normalized intensities with increasing Ay (e.g. HC3N 11- 
10). The carbon-chain molecular transitions (C4H 9-8 and 11- 
10, and CH3C2H 5„— 4„ and 6„-5„) are the exception, showing 
little variations in normalized intensity. Several transitions of 
three deuterated forms of abundant species were also detected: 
C 3 HD 3o,3-2i, 2 , NH 2 D 1-1, and DC 3 N in the 9-8 and 12-11 (see 
Fig.|2]i. Only the first transition is detected in the four cores. 

4. Discussion and Conclusions 

The chemistry detected toward the sample of fourteen starless 
cores is unexpect edly rich taking i nto ac count their low temper- 
atures (10-15 K: lRathborne et all 120081) and visual extinctions. 
The apparent correlation within the sample of the 3 mm molecu- 
lar transition normalized intensities to visual extinction allow us 
to propose an observational classification (see Fig.|2|. We define 
three groups of starless cores, which are probably related with 
their dynamical age: "diffuse", "oxo-sulfurated", and "deuter- 
ated" cores. This classification can be useful in future wide band 
3 mm observations of molecular clouds. 

- "Diffuse" cores: a set of cores with small column den- 
sities (Ay<15 mag ~ A^h,<1-2x10 22 crrT 2 ) lies above the blue 
dot-dashed horizontal line in Fig. [2] Their spectra is rather poor, 
showing only significant normalized intensity in the transitions 
of the main isotopologues of abundant species like C2H, HCN 
(and likely HNC), HCO + and SO. Such a simple observational 
chemistry suggests that these are very young starless cores, or 
even transient clumps on which essentially the cloud chemistry 
is better detected due to density enhancements. Core 47 is a clear 
exception and it is discussed later in the text. 

- "Oxo-sulfurated" cores: a group of denser cores (Ay-15- 
22 mag ~ N H2 -1.2xl0 22 -1.7xl0 22 cm" 2 ) that show richer 
chemistry but not yet significant deuteration to be observed. In 
Fig.|2]this group lie between the blue dot-dashed and red dashed 
horizontal lines. All the transitions detected in the "diffuse" 
cores are also present. The SO 32-2 1 transition is the main sign- 
post as it is very bright. Many other oxo-sulfurated molecules 
( 34 SO, S0 2 , and OCS), as well as HCO, exhibit a same trend, 
but they are not detected at higher densities. This suggests an 
increase of these chemically related species in the gas-phase in 
this Ay range, followed by a later depletion/destruction as den- 
sity increases. These cores might be in-the-making cores, which 
have developed a richer chemistry and piled up m ore material , 
proba bly in a stage near to the onset of collapse dRuffle et all 
119991) . Core 102 is an exception in this group and is discussed 
later in the text. 

- "Deuterated" cores: the densest cores of the sample 
(A v >22 mag ~ JV H2 >l-7xl0 22 cm -2 ), shown below the red 
dashed horizontal line in Fig. [2] Core 12, the densest one, sets the 
upper limit at Ay=67.2 mag (A^h,-5.3x10 22 cm -2 ). These cores 



are generally bright in the transitions typical of the other two 
groups. The oxo-sulfurated molecules are the exception, hardly 
present, probably depleted/destructed at the densities reached. 
The main signpost are the emission, only present in this group, in 
rare isotopologues of the nitrogenated ubiquitous lines (H 13 CN, 
HC 15 N, HN 13 C, and H 15 NC), deuterated forms of abundant 
species (C3HD, NH2D, andDCsN), and carbon-chain molecules 
(C4H and CH3C2H). These cores might be stable starless cores 
with a life-time long enough to achieve the densities needed 
to synthesize efficiently carbon chains and d euterated species 
dRoberts & Millaiil2000trGwenlan et alll2000t) . 

As already said, Core 47 does not match the chemical prop- 
erties of the diffuse cores. It shows a chemistry matching the 
oxo-sulfurated group, which proved to be very sensitive to den- 
sity. This suggests that it might be a failed core which devel- 
oped a rich chemistry and is now merging back into the cloud. 
This scenario can inc rease the oxo-sulfurated chemistry detected 
(iGarrod et al.L 120051) . Core 47 is located close to Core 48 in 
the only Pipe Nebula region with superal fvenic turbulence, a s 
shown by optical polarization observations dFranco et al.Ll2010T) . 
Therefore, it is possible that an external source of turbulence is 
disrupting the medium in this area and dispersing the cores. 

On the other hand, Core 102, in the oxo-sulfurated group, 
shows a chemistry similar to that of the diffuse cores. Similarly, 
Core 87, among the deuterated cores, shows features of the oxo- 
sulfurated group. This suggests that these cores might have piled 
up material so quickly that a more complex chemistry had no 
time to be synthesized. Bo th cores he in the same N -S ori- 
ented high-d e nsity s tructure dRoman-Zuni ga et"all 120 1 Oh where 
iFranco et al.l (|2010) report a N-S magnetic field. The fast evo- 
lution might have been driven by magnetic fields with the sur- 
rounding mass collapsing in this direction. 

The FTS chemical survey toward the starless cores of the 
Pipe Nebula showed a chemistry much more rich than expected 
for a cloud giving birth to low-mass stars at very low efficiency. 
A good interpretation of the results demands chemical model- 
ing to investigate a possible evolutive track, which will be the 
purpose of a forthcoming study. 
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Fig. 2. Selected normalized molecular transitions toward the observed cores. The scale is shown in the bottom right spectrum. The normalized intensity axis ranges from -0.33 
to 1, while the velocity axis spans 20 km s centered at the Vlsr- Rows: individual cores, labeled on the left-hand side of the figure, ordered by its Ay peak. Columns: molecular 
transition, ordered by molecu lar families, labeled on the t op of the figure. The spectra have been divided by [Ay/100 mag] to mimic the abundance, where the Ay value is that 
at the respective core center (iRoman-Zuniga et"a"Q 1201 Ol) given below the core name. Each molecular transition has been multiplied by a factor, given below its name, to fit 
in a common scale. Colors: used to highlight the distinctive emission of the different core groups, blue: ubiquitous lines, green: dense-medium molecular transitions, orange: 
molecular transitions typical in oxo-sulfurated cores (see Sect. HJi, red: molecular transitions typical in deuterated cores, and black: mostly undetected species. 
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